Recovering heavy oil spilled in a harsh environment is challenging especially when dealing with cold marine environments, where sea ice or high sea states are present. The current technology is based on removing oil from the water surface, meanwhile a significant amount of oil particles could remain in the water column due to turbulent ocean conditions and the density of heavy oil. Therefore, in order to enhance the mechanical recovery of heavy oil, capturing oil particles dispersed in the water column is very important. It has been observed that air bubbles can create an upward water flow and thus enhance the flotation of suspended oil particles. The oil floating at surface can then be removed using conventional skimmers. The present paper focuses on developing a lab-scale test program and Computational Fluid Dynamics (CFD) simulation for an enhanced oil spill recovery system and presents the preliminary test results performed at C-CORE. Both stationery and advancing modes of the oil spill recovery system with attached air diffusers were tested. Preliminary test results indicate that the heavy oil recovery ratio can be significantly improved by using air bubbles for oil flotation.
Introduction
Oil spill incidents in marine and offshore environments are among the most challenging spills to respond. Various response techniques exist including mechanical recovery, in-situ burning, dispersant operations, and herding agents to assist the response activities, but have limited capabilities when it comes to harsh conditions. In Arctic and harsh environments, mechanical recovery is still the primary method of response based on the logistics and regulations (Bruce and Mitchell 2016) . Although some recent advancements led to improvements in the mechanical recovery of spilled oil, there are areas which could be further improved including recovery ratios and separation efficiency (Dickins 2015; Mullin 2016) . Laboratory scale physical testing have been widely used to improve the mechanical recovery technology (Broje and Keller 2006; Otsuka and Sato 2002) . Large scale tanks are used by researchers to test and demonstrate the new mechanical recovery technologies each year (https://www.ohmsett.com n.d.; https://wwz.cedre.fr/en n.d.). Beside laboratory scale physical testing and limited field demonstrations, efforts have been made to model the fate and trajectory of oil spills in order to assist the response activities as well as to reduce the response time (Afenyo et al. 2016; Reed et al. 1995) . As the processing speed of computing systems increases, more detailed numerical simulations such as Computational Fluid Dynamics (CFD) are now feasible to assist development of more efficient mechanical recovery equipment (Tkalich et al. 2003; Agrawal and Dakshinamoorthy 2011; Zhu et al. 2014; Amini and Schleiss 2009) .
The current clean-up efficiency is particularly challenging when dealing with heavy oil, cold marine environment, sea ice, and high sea states. Current mechanical recovery techniques are based on removing oil from the water surface, however a significant amount of oil could remain in the water column. This may occur as a result of harsh and turbulent ocean conditions, or the relative density of the heavy oil in cold environment. Currently, skimmers do not have enough draft to reach the oil that is submerged in the water column. Increasing the size of skimmers to resolve this issue may lead to other challenges such as operational and mechanical balance issues. One method for increasing the quantity of oil collected from the water column is by using containment booms with skirts (typically 2 m depth). The use of skirts leads to significant hydrodynamic resistance, decreasing the response speed and the fuel efficiency of the vessel. Furthermore, it takes up a significant space on the recovery vessels.
The oil in the water column needs to be guided to the surface in order to be mechanically recovered or treated by other response techniques such as in-situ burning or applying chemical dispersants. This work is investigating the use of air floatation to bring the oil dispersed in the water column up to the surface so that it can be collected using conventional technology. Air flotation is widely used in other industries, such as waste water treatment, to bring heavier particles to the water surface. Air bubbles produce an upward flow in the water body which guides the submerged particles to the surface. Furthermore, the air bubbles may attach to the particles leading to an increase in the buoyancy and floatation forces. By adopting this technique toward oil recovery in harsh and cold marine environments, additional oil may be brought to the surface resulting in enhanced oil recovery. The concept is shown in Fig. 1 . Increasing the Technology Readiness Level (TRL) by using air floatation for oil spill response would require significant efforts from proof of concept to real field application. As shown in Fig. 1 , the air bubbles are produced using bubbler tubes which could be flexible perforated tubes or a porous medium tube-like system connected to air compressors on the vessel. The system also needs to be supported from the containment booms in order to operate accordingly. Therefore, a proof of concept study is required to examine the potential of using such a system in field conditions. This is the focus of the present work. This paper presents the methodology and tools utilized in the study as well as a brief overview of the main results, conclusions, and recommendations for future studies.
Methodology
To achieve the objectives of the proposed proof of concept, a combination of experimental testing, numerical simulations, and a field demonstration has been planned and executed. Experimental testing helps in visualizing the process as well as measuring the efficiency of the proposed technique. Performing numerical simulations helps in optimizing the design of the experiment and provides a validated numerical model basis for future use by industry. Finally, a brief field demonstration presents how the concept can be deployed in a real world scenario. This section briefly outlines the major activities performed during the physical tests, simulations, and field demonstrations campaign.
Experimental testing
A modular tank was designed and fabricated to perform the laboratory tests. The tank has an internal cross section of 1.5 m × 1.5 m and each module has a 2 m length. With six modules in total, a tank length of 12 m was achieved. The tank is equipped with large windows on one side which makes it easier to observe the underwater processes, capture photos and videos, and adjust the underwater sections of the apparatus such as oil release nozzles and air bubbler equipment. A moving carriage was fabricated and equipped with electrical motor and variable frequency drive (VFD) to move the recovery system back and forth at a controlled speed. Two oil types were selected to be used in the present work based on the ASTM standard (Standard Guide for Collecting Skimmer Performance Data in Controlled Environments n.d.) as presented in Table 1 . Oil was injected into the water column at a controlled depth using an air driven diaphragm pump and fixed nozzles set at a 45 degree angle. Using a positive displacement pump, it was possible to achieve desired oil injection rates at various stages of the tests.
A full size disc skimmer was used in this study. On the skimmer selection, one should note that the objective of the present work was merely a proof of concept for enhanced oil recovery using air floatation. The performed tests were not aimed to evaluate the efficiency of the skimmer and should not be used as a basis to select oil recovery equipment by industry and operators. The skimmer is used simply to recover oil from the tank during and after the tests, and provide a platform to integrate the air bubbler system. The air floatation concept is equally applicable to other types of mechanical recovery equipment as well.
Air bubbles were generated by injecting compressed air through various end terminals such as perforated tubes and plate bubblers. The parameters of interest when setting up this part of the apparatus included the distance between the air bubble tubing and the skimmer inlet (both horizontal and vertical), the width of the air curtain, the size and intensity of air bubbling, and the location of oil injection relative to the bubblers and skimmer inlet. Water depths of 1.15 m to 1.2 m were used in the tests. The carriage speeds were varied from 0.2 m/s to 0.3 m/s. The water surface in the tank was divided into two regions using two vertical baffles on both sides of the skimmer inlet, mimicking the containing booms in the field. At the end of each test, the oil in the front and back of the booms were collected separately and measured to determine recovered oil and escaped oil, respectively. The Recovery Ratio (RR) was calculated in percent as follows:
where, V col is the volume of the recovered oil, V esc is the volume of the escaped oil, and V tot is the total volume of oil released into the tank. Random repeating was performed to ensure repeatability of the experiments. Overall, the tests were found repeatable within a good range of 0 to 10%. All physical testing were conducted at C-CORE's laboratories in St. John's NL Canada.
Numerical modeling
Numerical simulations were carried out before each step of physical testing to qualitatively understand the process and optimize the design of experiment. After the tests were complete, the simulations were validated and benchmarked using the quantitative results of the experiments providing a basis for the next level of tests. The validated numerical models can be used in the future to provide full scale results to industry.
The CFD approach was utilized in this work. The commercial CFD package, Star-CCM+ (A Siemens product) was used to solve the flow governing equations throughout the fluid domain using the finite volume approach. In this approach, the computational domain is divided into small control volumes called "cells", and the transport equations are integrated over each of these computational cells. The governing equations satisfy conservation of mass (continuity) and conservation of momentum.
Conducting CFD simulations generally requires significant consideration of the parameters to be selected and the details of the implementation. A brief description of points directly relevant to the present simulations is provided here; further detail on specific aspects of the implementation can be found in technical papers and educational texts (Versteeg and Malalasekera 2007) . The Eulerian Multiphase Mixture model was applied to model the three-phase flow and capture the motion of air bubbles and oil droplets in the water, as well as consequent water motion due to the presence of lighter phases of oil and air. Water, oil, and air were defined with properties matching the physical experiments. The water surface was modeled as a degassing boundary that allows air bubbles to escape from the surface, while the liquid phases (water and oil) remain in the computational domain.
In CFD simulations, the mesh should be sufficiently fine to solve all important flow features such as viscous boundary layer gradients and phase distribution. At the same time, increasing mesh resolution results in longer simulation times. Careful mesh independency studies were performed at each step by assessing various mesh sizes to optimize the simulations and provide grid independent results. The mesh has been refined around the booms, the skimmer, oil nozzles, air diffusers, and all regions where significant phase gradient was expected. A computational server with 64 physical cores at 2.6 GHz and 384 GB of RAM was utilized to boost the simulation speed.
Field demonstration
A prototype was built based on the findings of the lab tests and demonstrated in an outdoor test tank at the Foxtrap campus of the Marine Institute of Memorial University of Newfoundland. The tank dimensions are 20 m × 10 m × 2 m (LWD) and is located in Foxtrap NL Canada. Fresh water and pond water can be used to fill the tank with possibility of using sea water if desirable. A winch pulling system was built to tow the system from one end of the tank to the other end. The objective of this activity was to demonstrate how the bubblers can be integrated with a mechanical recovery system and be deployed and retrieved in outdoor conditions.
Project evolution and upscaling
Several upscaling steps were implemented to ensure the quality of any upcoming results. Figure 2 shows the project evolution steps. In the first step, exploratory tests were conducted in a fish tank (0.5 m × 0.25 m × 0.3 m, LWD) shown in Fig. 2a . Using fish tank bubbler stones and cooking oil (canola and extra virgin olive oil), the concept was demonstrated as well as initial CFD simulations were developed and benchmarked. Two alternatives for oil injection were tested, including using oil nozzles to inject oil at a specific water depth and water agitation using impellers housed inside a vertical tube to randomly distribute oil in the water column. It was observed that impeller agitation often involved random oil distributions which were difficult to repeat. Therefore, oil nozzle injection was selected for this proof of concept study. At the next step, various air bubble diffusers were tested in a Plexiglas tank (1 m × 1 m × 0.5 m, LWD), as shown in Fig. 2b , to determine the best alternative in terms of ease of use and future integration with containment booms. These included rubber air bubbler tubing producing 1 to 2 mm bubbles, bioweave hose producing 0.8 to 1.2 mm bubbles, and plate micro-bubbler producing 0.3 to 0.5 mm bubbles.
The stationary tests, shown in Fig. 2c , were performed using two end modules of the tank leading to a 4 m tank length. The oil skimmer was placed at the water surface free floating and in a stationary mode. Oil was injected into the water column in front of the skimmer. The nozzle angles were adjusted to ensure that some of the oil would escape underneath of the baffles to the back of the tank, when the air bubbler was not in use. After each test, the oil in the front and back areas were collected separately and left to settle for 24 h. After settling, the oil collected from front and back sections were measured to determine the recovered oil and escaped oil, respectively. The recovery ratio was then calculated by dividing the recovered oil to the total oil released. The tests were conducted first without air to provide a benchmark, and then repeated with air floatation at various air flow rates to evaluate the effectiveness of air floatation to enhance the recovery of oil from water column. During each test oil was steadily released for 2 min, at approximately 32 to 35 liters per minute. Figure 2d shows the full tank length used for the advancing tests. A similar configuration as the stationary tests was used in the advancing tests including the disc skimmer with two baffles to separate the water surface in front and back of the skimmer inlet. The only difference was the oil recovery system moved from one end of the tank to the other in order to test the air floatation efficiency in an advancing mode. The test parameters included towing speed, bubble size and intensity, and width of the air curtain. Similar to the stationary tests, the oil collected from the front and back areas were measured to provide the ratios of collected oil and escaped oil for each experiment. The recovery ratio is then estimated using Eq.
(1).
Finally, a prototype system was built and demonstrated in the large outdoor tank as described previously. Figure 2e shows the oil recovery unit deployed in the tank.
Results and discussions
As a proof of concept project, initial testing was performed to compare the oil recovery ratios with and without air floatation as well as validate CFD simulations. This section provides a brief overview of the results.
Stationary tests
As explained in section 2, the stationary tests were performed in a 4 m long tank consisting of the two end modules. The tests were started with no air to measure how much oil is recoverable if no air assisted floatation is used. As shown in Fig. 3 , around 46% of the released oil was recovered without air floatation. The tests were then repeated with air flow rates from 1 to 2.6 cfm at which the maximum allowable air flow was reached for the particular bubbler tube used in the tests. As demonstrated in Fig. 3 , the oil recovery ratio increased to around 86% at 2 cfm. Beyond that, the recovery ratio remains almost the same which could possibly be due to the tank wall boundary effects. Significant turbulence was observed in the water when the air flow rate passed 2 cfm. Further tests in wider tanks or CFD simulations are needed to confirm this hypothesis in the future.
CFD validation
The stationary test results were used to validate the developed CFD model. Same fluid properties, air and oil injection rates, and geometry were used in the CFD model to match the stationary tests. Figure 4 shows the velocity field in the water, i.e. the upward water flow in front of the skimmer inlet. The upward water flow as a result of rising air bubbles is the mechanism that has enhanced the oil recovery ratio as observed in the stationary tests. The oil concentration contours of Fig. 4 show the trajectory of the oil particles after being injected into the tank through the injection nozzles. One can clearly see that oil is driven to the surface where the skimmer inlet is located. A great agreement is observed between the tests and CFD results which is shown in Fig. 5 . The present validated CFD model is a powerful tool to optimize the process by providing details of the flow field as presented here or exploring other field conditions such as waves, various oil types, larger tanks, etc.
Advancing tests
The advancing tests were performed to evaluate the effectiveness of air bubblers when the mechanical Fig. 3 Oil recovery ratios vs air flow rate in stationary mode recovery unit is being pulled (towed) similar to the field operations. The test procedure was similar to the stationary tests starting from no air for benchmarking and then adding air at various flow ratios to boost the recovery. Figure 6 shows the air floatation system through one of the side windows. The system shown consists of 5 parallel bubbler tubes advancing at a speed of 0.2 m/s. One can see that the oil has travelled up and accumulated on the surface due to the upward flow in the water.
The oil recovery ratios of the system showed in Fig. 6 are presented in Fig. 7 . It was observed that the recovery ratio has increased from 41% to 85% at 2 cfm of air flow, beyond which the recovery ratio has been observed to drop. One direct conclusion of this graph is significant increase in recovery efficiency can be expected with relatively small air flow rates which is a positive sign when it comes to operability and logistics of the field deployment. The drop in efficiency beyond 3 cfm air flow rate could be due to the Fig. 4 Velocity field (top) and oil concentration contours (bottom) in the stationary tests boundary effects from the tank side walls. It was observed that the bubble curtain tends to get narrower relative to the tank width when excessive air flow rates were applied, leaving two "bubble-free" regions on both sides. Oil particles were occasionally observed escaping through these two regions by the inner side walls of the tank. This requires further examination in wider water bodies in the future.
To explore the effects of the width of the air curtain on the oil recovery, another round of experiments were conducted with only 1 bubbler tube and the results were compared to the 5 bubbler tube case in Fig. 8 . One should note that in order to provide a direct comparison, the total air flow rates are normalized with the total length of the tubes. Oil recovery enhancement up to around 75% was achieved using only 1 tube (as opposed to 85% using 5 bubbler tube) as shown in the graph, but this experiment was limited to the maximum allowable air flow rate per unit length of the bubbler tube recommended by the manufacturer. Achieving great recovery ratios is possible using narrower air curtains but it potentially requires relatively similar total air flow rates passing through less number of tubes. Although using 1 tube is easier when it comes to system deployment in the field, it may lead to higher air compressor power requirements on the vessel. A more comprehensive optimization study is recommended on this topic.
Another important factor to consider is the bubble size. The terminal rising velocity of air bubbles depend on their size, as it is a balance of buoyancy and drag forces. Small air bubbles may tend to attach to oil particles better and help in increasing the buoyancy force on these particles. On the other hand, smaller bubbles rise slower hence the angle of air curtain decreases. As bubble size decreases, the distance between the bubble curtain origin and the skimmer/booms must increase, otherwise the flotation effects of the bubble curtain will not be fully utilized.. As the first step of testing effects of air bubbler size on oil recovery, a plate bubbler configuration was used in combination with the rubber tubes. The middle row of the previous 5 bubble tubes was replaced with plate bubblers so fine bubbles of size around 500 μm and smaller were generated in between larger bubbles of previous tests. This configuration ensured that these smaller bubbles would get to almost the same rising speed as they were surrounded by larger bubbles. The tests were conducted with the plate bubblers activated and deactivated and the results are presented in Fig. 9 . As shown, no significant improvement was observed. Since only a limited number of tests were carried out, the effects of bubble size still needs further investigation.
In real world operations, towing speed is a prominent factor which depends on environmental conditions and technical limitations. The moving carriage on the test tank is designed to operate at a range of advancing speeds from as low as 0.05 m/s to around 0.6 m/s. Most of the initial tests were conducted at approximately 0.2 m/s. The effects of advancing speed on the recovery ratio can be investigated in the tank within the speed range mentioned. The effects of increasing the advancing speed are similar to decreasing the bubble size, with higher speeds requiring further separation between skimmer/boom and the bubble curtain origin. Furthermore, one should note that for a fixed test tank length, increasing the speed will result in a shorter test duration and a reduction in the total volume of oil injection.
Considering the discussion above, tests were conducted at 0.3 m/s to investigate the tow speed effects. Figure 10 presents the recovery ratio changes when the speed is increased to 0.3 m/s for 5 bubbler tubes and 1 bubbler tube cases. The horizontal axis is again normalized using airflow intensity (cfm/ft) to accommodate both cases. Greater recovery ratios are achieved at the slower speed for the 5 bubbler case. However, it appears that the recovery ratio is slightly greater at the higher speed using only 1 bubbler tube. Further tests and modeling are required in the future in order to reach a more conclusive result.
Field demonstration
A prototype was designed and fabricated using the findings of the lab tests and was demonstrated in the outdoor test tank in Foxtrap NL as shown in Figs. 11 and Fig. 12 , respectively.
The tank was filled with pond water with properties between fresh water in the lab and sea water. The site preparation and actual demonstration took place in November and December of 2018. Unseasonably cold temperatures and winter storms were experienced for this time of the year in Newfoundland and Labrador. Although these conditions posed some delays in the project execution, they provided great demonstration conditions for the prototype including cold temperature, ice coverage on the surface, strong winds, and darkness. The integrity of the system was tested and it was shown that such a system can be integrated to a conventional skimmer and boom configuration and can be towed in the non-idealized out-of-the-lab conditions.
Conclusions and way forward
As the first step toward enhanced mechanical recovery of heavy oil in marine and harsh environment, a proof of concept was conducted to examine the potential of using air floatation integrated with a conventional mechanical recovery unit. The study involved laboratory & Using air bubbles, it is possible to enhance recovery of oil submerged in the water column. In the tests completed so far, an increase in the recovery ratio from around 40% (using no air) to around 85% was achieved. & The oil recovery can be enhanced using relatively small air flow rates. This is particularly important when it comes to using the proposed system in the field where the amount of available energy to compress air on vessels may be limited. & Using wider air curtains i.e. increasing the number of bubbler tubes in parallel leads to improved results since the upward flow region in the water is expanded. Applicability of this in the field needs to be considered as it might be easier to use a single line bubbler. Using a single line with larger diameter may be evaluated further. & The advancing (towing) speed is an important factor to be considered. The concept was tested at 0.2 m/s and 0.3 m/s. With some modifications, higher speeds are also achievable. & Overall, the tests are repeatable within a good range of 0 to 10%. & An efficient CFD model was developed and successfully validated using the experimental results. The model can capture the effects of air bubbles on the water flow pattern and consequently lifting the submerged oil in the water column.
Although the conducted study shows potential of the proposed system in enhancing oil recovery, reaching a comprehensive understanding of the process requires more investigation. Further lab scale testing and optimization supported by numerical simulations is recommended. A brief prototype demonstration was performed, however more testing is needed to understand the challenges, and enable design of a system that can work effectively in the field conditions. In terms of integration with traditional recovery units and response vessels, a comprehensive study is recommended to investigate the logistics and operational aspects.
The proposed air floatation system was shown effective in bringing submerged oil particles to the surface. Therefore, the system is equally applicable if one considers other means of spill response such as in-situ burning and chemical dispersants. With oil and gas industry approaching Arctic and cold ocean environment, using air bubbles to bring the oil trapped below ice to the surface for further response is another topic for future consideration. Eastern Canada Response Corporation (ECRC) provided feedbacks and technical recommendations before and during the course of the project. As the industrial corporation responsible for oil spill cleanup offshore Eastern Canada, it was a privilege having hands-on feedback to ensure applicability of the developed concept. ECRC also provided equipment to be used in the filed demonstrations (HPU, booms, and connectors). The project team would like to thank ECRC for their great support. Fig. 12 The prototype in action 
